BACKGROUND: Food reinforcement is an empirical index of motivation to obtain food. Higher levels of food reinforcement are associated with increased energy intake and increased body weight. Food reinforcement can vary over repeated food presentations, as people may show reduced reinforcing value if they satiate to repeated reinforcers, or they may show sensitization, or an increase in reinforcing value with repeated presentations. Over the past few years, our laboratory has been studying the impact of repeated administration of large portions of high energy density snack foods on food reinforcement. We have shown in three separate studies that the majority of non-obese individuals become satiated after 2 weeks of the same snack food administration, but that a subset of obese individuals sensitize after this same manipulation. OBJECTIVE: The purpose of the study presented here was to identify predictors of reinforcer satiation or sensitization. SUBJECTS: For the analyses presented here, we combined data sets from three previous studies for a total of 67 adult participants. RESULTS: We found that higher body mass index (BMI) and higher baseline motivation to eat predicted sensitization, and baseline motivation to eat moderated the effects of BMI, such that higher baseline responding for food predicted sensitization in obese individuals, but satiation in non-obese individuals. CONCLUSIONS: These data suggest that repeated exposure to high energy density snack foods may result in sensitization to those foods, with similar effects as drugs of abuse in susceptible individuals, and that an individual's BMI and baseline responding act as predictors of this response. (2012) Keywords: sensitization; food reinforcement; energy intake; motivation; satiation
INTRODUCTION
Food is a primary reinforcer that motivates behavior in the absence of learning or conditioning. Reinforcing value of food is determined by how much effort someone will engage in to gain access to food, with the magnitude of food reinforcement proportional to the amount of work performed. 1 Food reinforcement is a predictor of energy intake, with individuals who find food more reinforcing consuming more food than those who find food less reinforcing. 2, 3 In addition, obese individuals find food more reinforcing than non-obese individuals. 4, 5 Although food reinforcement is a relatively stable trait, it can be modified depending on the context or types of foods that are used. Food deprivation and food variety reliably increase the reinforcing value of food 6 --9 and high-fat, palatable foods are more reinforcing than healthier, low-fat alternatives. 10, 11 Our laboratory has demonstrated that repeated exposure to highly palatable food increases food reinforcement in obese individuals, but decreases it in non-obese individuals. 12 --14 One mechanism for the increase in reinforcing value of food in obese individuals is incentive sensitization, which is the process by which repeated exposure to a reinforcer increases motivation to access that reinforcer. Incentive sensitization occurs under specific conditions and only in a subset of individuals who are predisposed to respond in this way. Robinson and Berridge 15 have developed the Incentive Sensitization Theory of Addiction in which they hypothesize that drug addiction results from neuroadaptive changes caused by repeated drug use. This theory accounts for the progressive nature of drug abuse, the increased craving reported by drug abusers and it provides a mechanism for how repeated use of drugs results in a reallocation of attentional processes toward drug seeking. More recently, incentive sensitization has been investigated using other reinforcers, such as alcohol 16, 17 and food. 12, 13 There are several characteristics of incentive sensitization that we have observed in our studies of food reinforcement. 15 For example, incentive sensitization occurs in a subset of susceptible individuals 18 and repeated intake of high energy density snack food results in an increase in food reinforcement in obese, but not in non-obese adults. 12, 13 In addition, incentive sensitization is often dependent on dose and pattern of stimulus administration 19, 20 and we have demonstrated that the increase in food reinforcement that we have observed is 'dose dependent' in that it does not occur for food portions of 100 kcal, but does occur when portion sizes are increased to 300 kcal. 13 Incentive sensitization will occur for some stimuli or under particular circumstances, but not others. 21 Our findings that increases in food reinforcement are specific to high energy density foods are consistent with this characteristic. 12 Finally, incentive sensitization results in the increase in the 'wanting' of a stimulus, but not the 'liking' of that stimulus. 15, 18, 21 We have shown repeatedly using our food reinforcement paradigm that liking and wanting are experimentally separable and that the increase in food reinforcement after repeated exposure ('wanting') occurs in the absence of changes in food hedonics ('liking'; 12, 13 ). The work presented here focuses on changes in food 'wanting'. When taken together, our previous work suggests that increases in food reinforcement after repeated exposure to large portions of snack food may be explained by incentive sensitization theory.
The purpose of this study was to identify predictors of sensitization of food reinforcement. We combine data from our three previous studies on sensitization of food reinforcement to improve our statistical power, resulting in data from 67 individuals who had undergone identical experimental paradigms. This analysis may help further our understanding of mechanisms underlying overeating and obesity, as well as serve as a conceptual paradigm for increasing the reinforcing value of healthy foods.
MATERIALS AND METHODS Participants
Participants were lean (body mass index (BMI) o25; n ¼ 23), overweight (BMI X25 and o30; n ¼ 24) and obese (BMI X30 kg m
À2
; n ¼ 20) adults between the ages of 18 and 50 years recruited from flyers posted on the University at Buffalo campus. Additional exclusionary criteria included: smoking, self-reported current dieting, indications of dietary restraint (see Screening Procedures), a liking of o5 on a 7-point scale for all potential study foods, concurrent scores of 427 on the Binge Eating Scale 22 and a Binge Eating Disorder indication on the Questionnaire of Eating and Weight Patterns, 23 any medications that might affect appetite (for example, Methylphenidate), and any digestive, endocrine or nervous system disorder that may limit eating. Participants completed one of three studies in the Nutrition and Health Research Laboratory over a 3-year period.
Similarities and differences across studies
There are several common features to the studies that were combined for the purposes of this manuscript. First, all of the studies examined food reinforcement at baseline and again after 2 weeks of daily intake of snack food. Second, the computer-based food reinforcement task, laboratory environment and non-food alternatives were identical in the studies. Third, the time of day of the laboratory visits and participant instructions were the same. These studies had some differences as well. The first study included a 2-week period where participants were restricted from the food for which they were playing the task. In the second study, there were three portion size conditions (0, 100 or 300 kcal portions). The third study used both low energy density and high energy density snack foods. For the purpose of this study, participants were selected only if they were given 300 kcal portions of a high energy density snack food to standardize conditions across studies, resulting in 67 participants.
Screening procedures
Potential participants were first screened by phone to collect demographic and basic medical information (height/weight, current medications or illnesses and so on). Once determined to be eligible, potential participants were given a list of high energy density foods (for example, potato chips, cookies and candy) and rated each one on a 7-point scale for liking (1 ¼ 'Do not like at all' and 7 ¼ 'Like very much') and number of times consumed each week. All experimental foods were liked at least a 5 on the 7-point scale and were consumed 1 --4 times per week.
Procedures
All laboratory procedures were conducted in accordance with NIH guidelines for the use of human subjects and with the approval of the University at Buffalo Social and Behavioral Sciences Institutional Review Board. Participants visited the laboratory three times, each separated by 2 weeks. Experimental sessions were run between 1100 and 1400 h, and participants were at least 3 h post-prandial. Participants were told to consume their usual breakfast, and were provided with a 150-kcal preload (Kellogg Smart Start Bar (Kellogg Corp., Battle Creek, MI, USA)---3 g fat, 6.4 g protein, 25 g carbohydrates (Experiments 1 and 2) or a Nature Valley (General Mills, Minneapolis, MN, USA) yogurt-coated chewy granola bar---carbohydrate 26 g, protein 2 g, total fat 3.5 g---strawberry, blueberry or vanilla flavored (Experiment 3)) to minimize the effects of hunger on food reinforcement. 24 During the first session, participants read and signed informed consent documents, completed a demographics questionnaire, completed three dietary habits questionnaires (described later). Participants were interviewed about their food and beverage intake the previous day and were trained to record daily food and beverage intake. In addition, participants completed three 24-h dietary recalls over the telephone each week. These procedures are described in more detail below.
Food reinforcement task
The reinforcing value of food was determined by measuring the number of responses participants made for food or food alternatives on progressive variable ratio schedules of reinforcement. This task measures the degree to which individuals 'want' to gain access to food, but does not measure liking of food. The experimental environment included two computer stations, a table designated for reading and a table designated for eating. At one station was a computer on which participants could earn points for food. The other station had a computer on which subjects could work for time to spend reading Time (Time Inc., New York, NY, USA) and Newsweek (The Daily Beast, New York, NY, USA) magazines. We provided the opportunity to work for a non-food-related activity to reduce the likelihood that subjects would engage in responding just for the sake of responding. The food used for this task was the target food described above. The portion of food used as the reinforcer was 80 --100 kcal.
Participants were instructed on the use of the computer-generated task to earn points toward the food or time to spend reading. The task was similar to a slot machine, with three boxes containing different shapes that were different colors and arranged in different orientations. When the left button on the mouse was pressed, the shapes rotated and changed color. When all of the shapes matched, the participant earned one point. After earning five points, the subject received either a portion of their preferred snack food (brought into the room by the experimenter) or 2 min of reading time. The schedules of reinforcement were progressive variable ratio (±5%) schedules with response requirements of variable ratio 4, 8, 16, 32, 64, 128, 256, 512, 1024 and so on, for each point. Participants were instructed to perform one activity at a time (that is, play the computer, eat or read), and that the session would end when they no longer wished to earn points for access to food or time to spend reading. Participants received the food immediately after it was earned and were allowed to eat it whenever they chose. This methodology, was based on previous research, 14, 25 was designed to assure that the participant felt free to work for as little or as much food as desired. The participant could communicate with the experimenter through an intercom system. A pitcher of filtered water was left on the table where the food was presented along with a cup. Participants were told they could drink water ad libitum. After instructions were given, the experimenter left the room and the participant began the task.
Experimental groups and daily snack food intake procedures
Participants were all provided with 14 300 kcal portions of a high energy density snack food (B5 kcal g
À1
) and told to consume one each day until they returned to the laboratory for their final testing session. In addition, participants were instructed to consume their normal diet and incorporate the foods provided as part of their daily snack food intake. Our goal was to alter snack food availability without changing total energy intake. After the daily intake phase, participants returned to the laboratory and completed the food reinforcement task for the target food.
Debriefing/subject payment Upon completion of the experiment, participants had height and weight measured were debriefed about the purpose of the study, and were compensated in the form of a check.
Measures
Dietary recalls and habit books. To determine usual energy intake, 24 h dietary recalls were conducted at the beginning of each testing session as well as three times (two weekdays and one weekend day) each week over the telephone. 26, 27 The experimenter guided the participant through the recall process using a five-step, multi-pass interview style. 27 During laboratory visits, measuring cups and spoons, rulers and pictures of portions of food were provided to help the participants estimate portion sizes. The total number of calories consumed was calculated for the recall based on manufacturers' labels and from the Food Works database (The Nutrition Company, 2008).
Participants were given habit books in which to record all food and beverage intake for the 4 weeks of the study to assess typical snack food consumption. Habit books were crosschecked with 24 h dietary recalls and discrepancies were probed by the experimenter.
Demographics. A general demographics questionnaire was used to assess education status, annual income, race and ethnicity.
Anthropometrics. Height (cm) and weight (lb) were measured using a Digi-Kit digital stadiometer (Digi-Kit, North Bend, WA, USA) and a Tanita digital weight scale (Tanita, Arlington Heights, IL, USA), and used to calculate BMI (kg m À2 ). The TFEQ has three subscales that assess dietary restraint, hunger and disinhibition. The Questionnaire of Eating and Weight Patterns and BES were used to rule out binge eating disorder.
Food liking, hunger and fullness. Before and after the food reinforcement task, participants rated how hungry and how full they felt, on 100 mm visual analog scales. The scales were anchored by 'Not Hungry/Full at all' and 'Extremely Hungry/Full'. They were also asked to rate how much they liked the target food on a 100-mm visual analog scale anchored by 'Not like at all' and 'Like very much'.
Analytic plan
Potential differences in baseline characteristics were compared using an one-way analysis of variance with weight status (obese or non-obese) as the between subject factor. Categorical variables, such as race, income and education, were compared using w 2 tests. All experiments were divided into two phases. The first 2 weeks were considered the baseline phase where no food was provided and baseline food and beverage intake were established. The second 2 weeks are referred to as the daily intake phase where we continued to collect food and beverage intake data, but 300 kcal snack food portions were provided for daily consumption.
Our primary interest was determining what factors predicted sensitization response. Therefore, examined the difference in P max from baseline to post-daily intake (P max PostÀP max baseline) and conducted linear regression analyses. BMI, age, scores on the TFEQ subscales (restraint, disinhibition and hunger), score on the BES and baseline responding were included as predictors in the initial analyses. In addition, baseline responding was interacted with BMI. All analyses were conducted using SYSTAT 11.0 (Chicago, IL, USA).
RESULTS

Descriptive statistics
Descriptive characteristics of the participants are shown in Table 1 . There was a significant interaction between weight group and BMI (F(2, 64) ¼ 75.5; Po0.0001), age (F(2, 64) ¼ 3.8; P ¼ 0.03), disinhibition subscale of the TFEQ (F(2, 64) ¼ 4.7; P ¼ 0.013) and BES score (F(2, 64) ¼ 3.8; P ¼ 0.027). There were no differences by weight status for income, education, race or TFEQ restraint or hunger subscales (all P40.05).
Predictors of sensitization
The regression model to predict sensitization (Table 2) showed that BMI (t ¼ 3.44, P ¼ 0.001) and baseline responding (t ¼ À3.66; Po0.0001) were significant independent predictors of sensitization, controlling for age, BES score and scores on the subscales of the TFEQ. With sensitization increasing as BMI increased ( Figure 1a ) and sensitization decreasing as baseline responding increased (Figure 1b) . BMI moderated the effect of baseline responding for food (b ¼ À0.008; P ¼ 0.001), with higher baseline responding predicting satiation in lean and overweight participants, but sensitization in obese participants (Figure 1c) . None of the other factors (BES, TFEQ subscales or age) were significant predictors of sensitization (all P40.3).
DISCUSSION
The way in which food reinforcement is affected by reinforcer exposure has implications for various types of consumption, including drug use, alcohol intake and food intake. In the drug literature, the concept of sensitization to the effects of the drug stimulus is well established. This idea is just beginning to be explored in the context of food reinforcers. Our previous work has shown that a subset of participants shows an increase in food reinforcement after daily exposure to a well-liked, high energy density snack food. 12 --14 This change in responding meets some of the criteria for sensitization. For example, this response is dose dependent 13 and specific to high-fat foods 12 and increases in food reinforcement occur in the absence of increases in hedonic properties of food. 2, 3, 12, 13, 30 One question that remained in our previous studies was what factors predict this sensitization response. The purpose of this study was to combine data sets from previous studies to increase power to explore potential predictors. We found that BMI and baseline responding for food were independent predictors of sensitization, and baseline responding for food interacted with BMI to predict sensitization. Specifically, non-obese individuals who were low in baseline food reinforcement were more likely to sensitize to repeated food exposure, but obese individuals who were high in baseline food reinforcement were more likely to sensitize than obese people who were low in baseline food reinforcement. Although many studies have demonstrated a relationship between weight status and food reinforcement, 4, 5, 31 ours are among the first to show an increase in food reinforcement or food 'wanting' after repeated intake of a high energy density snack food.
The interaction between BMI and baseline level of motivation to eat suggests that there is a difference in what is driving sensitization in these two populations. For example, it is likely that the increase responding in the non-obese individuals was because they responded so little at baseline. The post-daily intake response in the non-obese sensitizers was still less than the baseline responses in any of the other non-obese groups. The obese sensitizers appear to be more motivated to get food at baseline and it is likely that repeated administration of the already very reinforcing snack food creates increases in the reinforcing value of that food. One interesting contrast is that high baseline responding in non-obese individuals predicted the opposite response to repeated snack food administration than in obese individuals. This suggests that, while baseline responding alone was a predictor of sensitization, this effect was moderated by BMI. In addition, although there were no major differences in the percentages of the individuals that sensitized between obese (33%) and non-obese (24%) populations, the magnitude of the sensitization was far greater in the obese sub-population than in the non-obese sub-population. Future studies will focus on determining what, if any, characteristics of this obese subpopulation can be used to predict this response.
One thing that is unclear is how these findings translate into 'real-world' eating situations. For example, does eating the same snack food regularly lead to increased intake over time in obese individuals or is this context specific? The literature on reinforcer satiation has consistently demonstrated that repeated exposure to food reduces food liking, food reinforcement and food intake. 8, 14, 32 The majority of this work has been carried out in animals and little, if any, has examined differences in reinforcer satiation as a function of weight status. Similar work on snack food monotony has shown that, for certain types of foods, repeated administration over days or weeks reduces food 'liking' and intake, 8,33 --35 but to our knowledge, these studies have not examined food 'wanting'. Reductions in food wanting and intake after repeated administration are thought to be adaptive by , moderate (90 --600, n ¼ 26) or high (4600, n ¼ 19) baseline responding and (c) participants who were lean, overweight and obese with low, moderate and high baseline responding. (a) Lean and overweight participants decreased responding after the daily intake phase, where obese participants showed an increase (sensitization) in P max after the daily intake phase (t ¼ 3.44, P ¼ 0.001). *Significantly different from lean and overweight. (b) Participants in the lowest baseline responding groups showed little change from baseline P max , whereas those with the highest baseline responding showed significant reductions in P max from baseline to after the daily intake phase (t ¼ À3.66; Po0.0001). *Significantly different from lean and overweight. (c) Regardless of weight status, there was little change in P max from baseline to postdaily intake for the two lowest baseline responding groups. High levels of baseline responding predicted significant decreases in P max in lean and overweight participants, but significant increases in obese participants. Participants in the lowest baseline responding groups showed little change from baseline P max , whereas those with the highest baseline responding showed significant reductions in P max from baseline to after the daily intake phase (b ¼ À0.008; P ¼ 0.001). *Significantly different from all other groups.
driving an individual to seek out a varied diet, thereby maximizing nutrient intake. 36 This is why increases in food 'wanting' after repeated administration (sensitization) may be maladaptive, especially if over consumption of one food leads to reduced consumption of another food with higher nutrient density.
Sensitization is a concept that has been applied to drug use and addiction to explain the progressive and escalating nature of illicit drug taking behavior. Applying this theoretical approach more broadly, it is feasible that a given individual could be susceptible to escalating responses to any stimulus after repeated exposure. For the past several years, our laboratory has been studying food reinforcement in response to repeated administration of snack food and have found that a subset of participants demonstrate apparent sensitization after 2 weeks of daily exposure to a large portion of a high energy density snack food. As with drugs, this only occurs in a subset of participants and is the highest in individuals who are predisposed to this type of response (that is, those high in food reinforcement at baseline with greater BMI). In the case of food, there is a significant positive relationship between BMI and sensitization with greater increases in responding after repeated snack food intake as BMI increases. One question that remains is whether this relationship is a cause of chronic overeating that may eventually result in obesity in a subset of individuals or, conversely, whether this relationship results from chronic overeating and, perhaps, obesity. Research by Hill et al. 37 in 7 --10-year-old children showed that high levels of food reinforcement predicted weight gain after 1 year, but were unrelated to baseline BMI or body composition. It would be interesting to look not only at food reinforcement, but at sensitization to repeated food administration to determine if those who sensitize gain more weight, is more likely to gain weight, or gain weight at a different rate than those who do not have this response to food. One hypothesis is that the subset of individuals who show sensitization of food reinforcement may increase intake of highly reinforcing foods over time, which may lead to the development of obesity.
This study had several strengths. First, we used a well-validated task that objectively measures food reinforcement. Second, our sample included a broad range of BMIs, ages and races. Third, we used consistent methodology across multiple studies, which allowed us to combine the data sets for this analysis. This study was not without weaknesses. First, we studied the reinforcing value of snack foods, but these findings may not generalize to other types of foods. We have already demonstrated that low energy density foods such as fruits and vegetables do not elicit the same type of sensitization response, as do high energy density foods. Second, although it is well known that food reinforcement is related to mesolimbic dopamine activity, 38 it would strengthen our sensitization hypothesis to have direct measurements of dopaminergic activity. Third, although we attempted to achieve diversity in the form of race, education and income, the majority of our participants were college students or University staff. Therefore, they were more educated with higher socioeconomic status than the general population.
In sum, repeated exposure to large portions of high energy density snack foods elicits different responses from people, depending on their BMI and their baseline level of food reinforcement. This increase in food reinforcement could contribute to increased weight, as it would promote overeating of unhealthy foods. It may be relevant to understand who is at risk for weight gain based on their eating patterns to prevent weight gain and obesity. Future studies will examine whether sensitization to food reinforcers is a predictor of weight gain over time. If it is, it would provide a profile of susceptible individuals to whom specific strategies could be applied to target obesity prevention. The ability to identify who may be at risk for increases in the motivation to eat and weight gain, as well as describing a paradigm for increasing the reward value of food makes studying sensitization a worthwhile area for future research.
